Background: Optic neuritis (ON) is one of the most common presentations of multiple sclerosis (MS). Magnetic resonance imaging (MRI) of the optic nerves is challenging because of retrobulbar motion, orbital fat and susceptibility artifacts from maxillary sinuses; therefore, axonal loss is investigated with the surrogate measure of a single heuristically defined point along the nerve as opposed to volumetric investigation. Objective: The objective of this paper is to derive optic nerve volumetrics along the entire nerve length in patients with MS and healthy controls in vivo using high-resolution, clinically viable MRI. Methods: An advanced, isotropic T2-weighted turbo spin echo MRI was applied to 29 MS patients with (14 patients ONþ) or without (15 patients ON) history of ON and 42 healthy volunteers. An automated tool was used to estimate and compare whole optic nerve and surrounding cerebrospinal fluid radii along the length of the nerve. Results and conclusion: Only ONþ MS patients had a significantly reduced optic nerve radius compared to healthy controls in the central segment of the optic nerve. Using clinically available MRI methods, we show and quantify ON volume loss for the first time in MS patients.
Introduction
The human optic nerve is a small (<3 mm in diameter) white matter fiber bundle that exits the globe and courses posteriorly to the optic chiasm, and is responsible for communicating all visual stimuli to the optic tracts. It is immediately surrounded by cerebrospinal fluid (CSF) and sits inside the fatty tissue of the orbit superior to the maxillary sinuses. In patients with multiple sclerosis (MS), the optic nerve is one of the most common sites of injury. Approximately 25% of MS patients have retrobulbar optic neuritis (ON) as the first symptom and nearly two-thirds of MS patients experience at least one ON event in their lifetime. 1 ON is transient and may self-resolve in some cases or leave permanent damage in some others, though intervention with steroids has been shown to reduce the duration of symptoms. 2 Upon the acute phase resolution, ON leads to visual deficits in about 40%60% of MS patients. The biological substrate of these visual defects is unknown but axonal loss likely plays a major role. 3 This axonal loss is often investigated through optical coherence tomography using the surrogate of retinal nerve fiber layer thickness, which has been shown to correlate with disease severity because the loss of retinal axons is believed to be related to brain damage and atrophy. 4 However, this relationship is not well understood and offers only a surrogate for optic nerve axonal loss.
Magnetic resonance imaging (MRI) of the orbits represents a viable diagnostic tool for ON. In the acute phase, ON may present as an active lesion of the optic nerve on T1-weighted post-contrast sequences. This may leave a hyperintense lesion on T2-weighted MRI upon the resolution of the inflammatory event. Signal changes may be either focal or diffuse. Despite its clinical application, MRI of the orbits often turns out to be of little utility since signal alterations may not be visible even in the presence of a clear acute clinical event or chronic symptoms sequelae of tissue injury. Capturing axonal loss that ultimately results in optic nerve atrophy is virtually not possible. Measuring volume of the optic nerve is challenged by lack of contrast within the optic nerve and resolution sufficiently high to discriminate between the optic nerve and surrounding CSF.
Aside from MRI pulse sequences, a lack of robust analysis tools to characterize optic nerve atrophy cross-sectionally and over time have prevented accurate volumetric characterization of the optic nerve. Analyses typically proceeded by taking a single measurement of optic nerve size at a specified location along the nerve. 58 In this type of analysis, a single measurement is approximated as a surrogate for the health of the entire optic nerve and does not account for focal changes that may occur throughout the optic nerve length.
Recent advancements in MRI pulse sequences have offered improved contrast between the optic nerve and surrounding CSF while maintaining a relative insensitivity to motion (Figure 1 ). Our group has characterized these improvements in optic nerve MRI in healthy controls. 9 Additionally, we have recently developed an analysis pipeline for optic nerve MRI that affords an opportunity to evaluate the morphology of the optic nerve in vivo along its entire length, 10, 11 thereby allowing measurements of both global and focal atrophy.
To date, there has not been a systemic study of optic nerve morphological changes in patients with MS, to ascertain the amount of atrophy the optic nerve undergoes along its length after ON. As atrophy is directly tied to axonal loss, there is a need to understand optic nerve damage in MS accounting for local changes along the length of the optic nerve. We hypothesize that optic nerve volume loss can be detected and quantified in MS patients. Here, we report on the first automatic evaluation of optic nerve atrophy using advanced MRI in relapsingremitting MS (RRMS) patients. research scan session independent of their clinical standard of care. All patients were diagnosed with RRMS by a neurologist. The presence or absence of ON was determined through chart review and confirmed by the attending ophthalmologist. We did not exclude patients who did not have optic nerve MRI findings, and relied on clinical evaluation and ophthalmological reports in the chart review. Patients who did not have confirmatory findings from an attending ophthalmologist were excluded from the study. Diagnosis of ON must have been noted within the previous five years.
Materials and methods

Study design
MRI protocol
Anatomical T2-weighted (T2w) VISTA (SPACE on Siemens, CUBE on GE) scans were obtained on one of two 3 Tesla (3T) Philips Achieva (Philips Medical Systems, Best, the Netherlands) scanners located in the Vanderbilt University Institute of Imaging Science using a two-channel body coil for transmission and an eight-channel head coil for reception. Importantly, both MRI scanners used in this study operated with the same hardware and software configurations. Images were acquired on the axial plane aligned with the optic nerve. Sequence parameters were: three-dimensional (3D) fast spin echo (repetition time/echo time/flip angle (TR/TE/a ¼ 4000 ms/ 404 ms/90 degrees), field of view ¼ 180 Â 180 Â 42 mm 3 , nominal resolution ¼ 0.6 Â 0.6 Â 0.6 mm 3 , Sensitivity Encoding (SENSE) factor ¼ 2, fat saturation ¼ spectral presaturation with inversion recovery (SPIR), and total scan time ¼ 5:20 (appendix, Table 1 ).
Volumetric measurements
We utilize a previously published, open source tool with minor modifications to automatically measure the radius of the optic nerve and surrounding CSF. 12 Briefly, this model fits an intensity profile to the optic nerve and CSF in the coronal plane and transforms the parameters from that fit into physical radius measurements. The model is applied to each coronal slice of the image containing the optic nerve and can therefore result in inconsistent measurements along the length of the optic nerve. To address this shortcoming we have modified this model by applying it in an iterative manner while decreasing the tolerance from adjacent slices. 10 This technique allows the model to ignore slices that are less than optimal and results in anatomically viable, 3D consistent measurements along the entire length of the optic nerve. This model is then applied to all of the patients and healthy volunteers, generating two sets of measurements for each individual.
Statistical analysis
Volumetric data from the 42 pairs of nerves of the healthy control group were used to generate a normative distribution for detecting differences in patient sub-populations.
9 Group (patients vs healthy volunteers) differences in the optic nerve radius estimates were compared using a Wilcoxon rank-sum test. We use a previously published technique for comparing optic nerves across participants to overcome the differing number of measurements for each individual.
9 Measurements are interpolated to be the same length as the longest nerve among the population.
Results
Twenty-nine MS (median age: 33; age range: 1853; 69% female; 28 RRMS and one clinically isolated syndrome) and 42 healthy volunteers (median age: 28, age range: 2038; 52% female) were enrolled in the study. Fourteen (48%) patients had no history of ON (namely ON, hereafter). The remaining 15 patients had a history of either bilateral (seven patients) or unilateral (eight patients) ON (namely ONþ, hereafter). Figure 2 shows qualitative results for a healthy control ((a)(c)) and a 47-year-old RRMS patient ((d)(f)). The automatically segmented eye globes and optic chiasm are rendered in green and purple, respectively. The measurements for the optic nerve are rendered with color representing the nerve radius according to the color bar in (d).
Qualitative results
Quantitative analysis
Volumetrics of optic nerves that have never been affected by a clinical episode of ON (n ¼ 28) were not significantly different from those derived from healthy controls (Figure 3, left) . Involved nerves showed significantly reduced radius from healthy controls at 33% (16/48) of measurements localized in the central portion of the nerve and surviving Bonferroni correction (Wilcoxon rank-sum; p < 0.05 Figure 3 , right). Of these differences, 15 were continuous points in the central portion of the nerve (Figure 3 , right: shaded area), the last point that is significantly different from the healthy controls is posterior to the shaded region, separated by a single non-significant point.
Discussion
We present the first analysis of optic nerve radius using advanced MRI along the entire length of the nerve as it applies to patients with MS and ON. In the present work, we used a T2w turbo spin echo (TSE) sequence with extended echo train. The advantage of this sequence over currently available ones is the superior resolution and nerve/ CSF contrast. It also shows a clinically affordable acquisition time 11 ( Figure 1 (a)(d) ). The isotropic resolution allows for accurate 3D characterization of the optic nerve from globe to chiasm.
Our data detected for the first time a group-level atrophy effect on nerves affected by ON as compared to optic nerves that have never been affected by disease. This analysis is superior to traditional singlepoint metrics that have traditionally been used to characterize optic nerve atrophy as this technique can provide more insight into focal optic nerve changes. As such this technique has the potential to provide a greater understanding of the degree and location of axonal loss that is known to be associated with ON.
The finding of significant atrophy in only the central part of the nerve, as opposed to the entire length of the nerve, is possibly an artifact of the fact that measurement accuracy is the highest in the central portion of the nerve; the anterior and posterior portions each presents its own challenges. The anterior portion of the nerve is difficult to characterize accurately because of motion artifacts from saccadic eye movements. The posterior region of the nerve is difficult to characterize as the sub-arachnoid CSF thins as the nerve approaches the optic chiasm. This thinning of CSF reduces the contrast available for accurately measuring the nerve. These challenges may be preventing accurate estimation of the anterior and posterior portions of the nerve, masking significant differences among patients. Further technical improvements and increased sample size can lend insight into this phenomenon.
Although novel, our work is not exempt from limitations. In the future it could be improved on by accounting for the curvature of the optic nerve in the interpolation step. Interpolating nerves to be the same length results in a coarse alignment of nerves across the population but does not account for varying curvature across individuals. Investigation into the most appropriate alignment methods is still required.
Our method is also resolution dependent, which limits the number of patients that can be enrolled in these studies since it cannot be applied to clinical standard of care imaging protocols. If the method were to be extended to work on multiple or lower resolutions while maintaining comparable accuracy, study sizes could increase.
Notwithstanding the above limitations, we believe that our work represents a preliminary but solid demonstration of volumetric measurements of the optic nerve in its entire length. This proof of concept could lead to a tool that quantitatively assesses a patient's severity of ON atrophy, prognosis or treatment approach. With future work this methodology may translate into clinical application and can provide useful information on the disease stage and course in patients with a history of ON whose symptoms often do not find a biological surrogate.
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